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Rapid Tooling for Sheet Metal 
Forming Using Profiled Edge 
Laminations— Design Principles 
and Demonstration 

commercialh-available S-Zi* »wT i r^ W " "W"'** over retrofitting 

quality steei successjuily stamp a sheet, metal part out of draw- 


Introduction and Background 


f d. AA- 


rfn^f T CCpt ° 1 f , makin 8 in 'ricate parts (e.g. transformer core, 
door lock assembly, gear) by assembling profiled or contoured 

B^r'?^! S r?r WelI ' eS, ? bliShed manufa «uring technique 
(Berry, 1966). Unfortunately this fabrication method, with de- 
monstrable advantages over other more conventional methods 
Li'' CN ^- machln ">g) . has not become a common method for 
making sheet metal forming dies. There have been many at- 

hXf f u P U ,° r *" pUlpOSe - Han < 1942 > demonstrated 
£j i° m ° t mak, " g With a ,amina 'ed construction for the 
S'l^h" 1 US 7,' ReCMSeS bctWeen la ™™ions were filled 
whlT ^ denabl ' mate rial to form a smooth surface of 
which the edges are the laminations. Clevenger et al f 1954) 
patented a laminated die concept for hydroforming. One of the 
first methods for automatically generating an array of conjured 
laminations used as a die was developed by DiMatteo (1976) 
LZ°* lv " rota,in 8 a 3 " D of the desired surface about' 

an axis while a contour follower, which is connected to a trans- 

n Smw? l % T * iamination cutter - Ku «i^a and Nakagawa 
(1984) successfully created a sheet metal forming die made of 

XeTn r nemed L amiha "° nS by S,icin * "P a C AD rno^el 
oi tne 3-D forming surface and using the resulting data to CNC 
aser c ut the ired comom ^ of ^ U£ 

cured laminations were secured to one another by a combina- 
>on of cementing with adhesives, clamping with bolts and 

heet m SV he ? k ' agaWa * > l < ' 985 > fo™ed a so, d 
bv rf rw k T g ° Ul 0f Stacked laminations simply 
no&TT, ■ b r d,n8 t , he ,amina "°" s 'ogether. Pridham e.aL 
1993) created a s.m.lar type of tool that was bonded at the 
arnmauon edges by laser welding. Recently. Dickens e, al 
1996 created a tool made of aluminum laminations for mold- 
ing polyurethane parts. In these last two cases, the lamination 
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edges were cut normal to the surface and not beveled. This 
chin #t '•" a fi sla, r-. s,e PP ed Profile that needed to be CNC-ma- 
chined witb finishing cuts, ground and then polished in order 
to achieve the required surface smoothness for forming. 

«^ CS if CS C , NC ; machin 'ng. industry deals with this stair- 
tepped profile -of laminated die surfaces in other ways. One of 
the most common methods is to fill i„ the steps with epoxy 
or some other hard material. Another method is to make the 
am.nai.ons very thin so that the resulting steps between lamina- 
tons become neghg.ble. For instance, a Laminated Object Man- 
uf ctunng (LOM machine can be used to create a forming die 
for low force forming. The surface of these dies is nearly smooth 
surfaces since laminations are as thin as 0.05 mm. However 
he biggest limitation with current LOM paper/adhesive models 
^'^ have low impressive strength (26 MPa). This is 
one-fifth the compressive strength of the cast epoxy ( 140 MPa ) 
that is used in forming dies. 

™ e hL 1 , °f C ™ n S« (1°54) except that the contour! 
mach ned into each lamination have beveled edges as shown in 
hg. Ha). This simple change in the art significantly reduces 
the time required to grind and polish the die surface. Glozer 
and Brev.ck ( 1993) created a laminated injection molding tool 
using his same method. Machined laminations were cut with 
very slight bevel cuts using a wire-typc EDM and then assem- . 
bled them into a mold that required very little additional pro- 
cessing, r 

Walczyk and Hardt ( 1 994 ) recently introduced Profiled Ed°e 
L ami „ano n (PEL) method for constructing sheet meta. Ibrmlne 

frovif ndK H f >,. , ? } -. a PELdie ^ enera "y compriso an 
array of ndividual die laminations, each being disposed in a 

of each ?- M r S,aCkEd tOSether M°*y**. tE?I 
ot each die lamination is simultaneously profiled and beveled 

urfL u •T y s 10 appr0 - ximal<: a «Sm«ni of the intended die 
surface w ,th a hrst-order interpolation in the X-direction. This 
eliminates the sum-step surface associated with previous meth- 
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PEL UmJnaltan 


Tana Ion Rod' 



Fig. 1 Isometric view of (a) a bonded stack of contoured laminations (from Weaver, 1991) and (6) a PEL 
array clamped in the die frame 


ods. The die lamination members may be held together in a 
stacked array by any suitable means, but preferably with a 
clamping frame as shown in Fig. \(b): A common registration 
corner and the bottom edge of each lamination allows for easy 
and uniform registration in the clamping frame. One or more 
holes uniformly positioned in the sides of each lamination 
allows the whole array to be clamped. Therefore, no adhesive 
or other means of holding the array of die lamination members 
together is required. If the shape of the forming surface has to 
be changed during die development, the die laminations can 
easily be separated for re-machining to update the die shape. 
The PEL die can be made into a solid die apart from this process 
by suitable means (e.g. diffusion bonding, brazing) if needed 
or desired. Generally at least a portion of the die lamination 
members have a continuously changing beveled top edge. When 
placed together in a vertical stacked array, the top edges of the 
die lamination members, in the aggregate, form the top surface 
of the die. 

The PEL array construction has distinct advantages over con- 
toured lamination stack method used by Weaver ( 1 99 1 ) and 
Kunieda and Nakagawa (1984) for creating and modifying 
sheet metal forming dies. These advantages are summarized in 
Table I. In this paper, the authors address the design and analy- 
sis principles for the PEL die fabrication method applied to 
sheet metal forming. 

2 Propensity for PEL Die Delami nation 

If the PEL die laminations are bonded together then the com- 
posite structure becomes a continuous die. However, to keep 
the PEL die easily remachinable, the die laminations are simply 
clamped together with a rigid frame as shown in Fig. \{b). In 
a clamped configuration, individual laminations have a propen- 
sity to delaminate (i.e. separate from adjacent laminations) by 
either elastically deforming or buckling under the high forming 
loads encountered. As seen in Fig. 2(a), the die shape changes 
when a lamination(s) bends elastically resulting in dimensional 
changes to the parts formed. For this reason, it is important to 
investigate the elastic bending and buckling behavior, of a 
clamped lamination subjected to typical forming loads. 


Excessive deformation of any of the clamped die laminations 
beyond a certain maximum value, i.e., 6 > d~ m „, is considered 
a die failure. Ideally a PEL die will emulate la continuous die 
that has negligible surface elastic deformation during forming 
(e.g. 0.01 mm for a steel die). However, a more practical design 
requirement for PEL dies is to make sure that the geometrical 
form of the stamped part is within the specified tolerances. 
The maximum deformation value (<5 m „) of a die lamination is 
explicitly determined from this requirement. 

As illustrated in Fig. 2, a group of die laminations deflecting 
due to high forming loads can be roughly modeled as cantile- 
vered Euler beams in a parallel configuration. The assumption 
that the frictional shear forces at the interfaces between adjacent 
laminations are negligible is a worst-case scenario, i.e., conser- 
vative design practice. Based on simple beam bending theory, 
the spring rate k L of a single protruding die lamination (shown 
in Fig. 3(a)) in the bending (horizontal) direction is 


(1) 


where: 

a = 

b = 

t L = 

E = 

F — 

■* bending 


lamination height 
lamination width 
lamination thickness 

tensile elastic modulus of the lamination material 
horizontal component of the lamination's total 
forming load. 


The effective stiffness k Lrff of the die lamination array in this 
parallel configuration (see Fig. 2(b)) is simply the sum of all 
the individual lamination stiffnesses, i.e., (k Ll + k L , + jfc u + 
....). 

The mode of mechanical failure of a lamination from the 
vertical component of the forming load F htt( . kitnn will be some 
form of buckling behavior. As stated by Timoshenko { 1961 ), 
"in the calculation of critical values of forces applied to the 
middle plane of a plate at which the flat form of equilibrium 
becomes unstable and the plate begins to buckle, the same meth- 


Table 1 Comparison of the laminated die constructions 


Stack of Contoured Laminations 

Array of Profiled-Edge Laminations 

Difficult to automate the handling of laminations during 
cutting. 

Laminations can slide past the profiled-edge cutting 
means since only top edee is cut. 

Difficult to register laminations during die assembly. 

Laminations are easily registered with a base plate and 
an edge guide. 

Difficult to secure lamination stack into a rieid tool 

Lamination only needs to be clamped from the side. 

Typically, laminations need to be permanently secured. 
Reshaping of die surface requires CNC-machinin*. 

Undamped laminations can be individually recut to 
new die shape. 
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Intended 
Die Surface 

Actual Die 
Surface 
under load 


positional 
error 


b) 


Ton L W °* dl * U,minati °™ ~bj.ct.d to generic formino load, 

and (6) model* .a cantllevered Euler beams in a parallel eon« OU ra"on 


ods as in the case of compressed bars can be used." Therefore 

IhL Cn " C r bUC ^ 8 ' 0ad for the sin 8' e lamination 

shown m Fig. 3(a) can be estimated using the Euler column 
buckling formula , 



Cutting Plane 


CAD surface 
model of die 


2-D Intersection 
Curve 



Straight 
Connecting 
Bevel 


F _ k-E-b-tj 

r t , rt ^_-__ 


(2) 


where: 

* = factor that depends on the end support conditions of the 
lamination. If the lamination can be modeled as a simple cantile- 
ver beam then * = 2.47. If the movement of it's upper edge is 
restricted horizontally then * = 20.2. 

The forming forces on a lamination consist of an effective 
normal load F. and a perpendicular frictionai load a • F. at the 
lamination (die) and sheet metal interface where p. is the static 
fnctional coefficient between the die surface and the sheet metal 
part These loads are shown in Fig. 2. The total forming load 
F T has a magnitude of F„-(\ + M «)'«. As snown in Rg 3( M 
( vector d.agram), F T typically points inward to the die. This is 
an advantageous situation since convex portions of the lami- 

™ f% W , ^ t0 be pushed ,0 S ether durin 8 f ™g. In 
terms of F T the F^ and F^, are r~ r -sin (a - tan"' a) 
and F T - cos (or - tan -1 fx), respectively. 

3 Creating Machining Instructions for Die Lamina- 
tions 

_ The forming surface of a PEL die is typically defined by a 

for each PEL ^ maChinin * instructi °<" 

tor each PEL die lamination are created using this CAD model 

As shown m Fig. 4( a ). the intersection of a CAD surface model 

utfl C " tU ", 8 P ne ' Situated at some P° int on X-axis, 
i os 2 :°™ ens ' ona c »rve. Phillips and Odell ( 1984) and Bobrow 
(1985) have developed algorithms for determining the intersec- 

mo",* H a ^ ,U ^ 1 surfac « or parametric). Further- 

more, it the Y-Z plane is repositioned along the X-axis by a 


tTo'n *Jtt?£fit7? • m*" ^ ' 0rmin9 >urtace showi "8 ""•sec- 
tion curve, and (6) stra.ght connectinB bevel between two adjacent 


" 'T n '■«•' 1 mm ' ,he collec,ion ot ' Pro- 
duced by each of the same plane/surface intersections will ap- 
proximate the shape of the original 3-D surface. Figure i(b) 
hows how the true 3-D surface between two adjacent curves 
can be approximated by connecting them with a bevel ,e 
tangential cut that approximates the edge surface with a first- 
order interpolation of the surface. This connecting bevel elimi- 
nates the stair-stepping characteristic of dies made by other 
IS w C ° nS T es the P rofiled »p edge of each die lami- 
nation. Note that the approximation of the 3-D surface gets 
better as the curves get closer together, i.e. as the .v-increment 
decreases This collection of curves serves as the machining 
database for creating a PEL die with the desired forming sur* 

chin, n n y o°^,f SeVeral CU " ing methods (e 8- l«er cutting, ma- 
chining, abrasive waterjet cutting, plasma-arc cutting) can be 
used to create the profiled and beveled top edges of each die 

c U ' tin ? meth0ds are discusscd in ™>« detail 
later in this paper For whatever method is used, the data needed 
for cutting a profiled top edge is a series of position/directional 
vector pairs (/> V) as shown in Fig. 5(a). Position point P, 
- U.. v, , Zl ) |,es on the nearside curve of a die lamination. 
The unit directional vector V = V, -i + V, • j + V, • k or iust 
wntten as (V„ V„ V,) is defined by >, and P 2 = ° J " ' 
according to the following equations: 


■t; - Xi 


and Vj = 


1*1 


(3) 


where: 


1*1 =['i + (y2-y,) J + ( Z2 -;,) = ]"= 


C 

buckling 


* bendini 


a) 



b) 


aucJding ^ 

Ckp. 


Point P } is easy to determine because .r, and v, will be prescribed 
and z, is explicitly defined by the nearside intersection curve. 
Point P, ,s harder to define because there is no particular one 

llTnoLT ' h ! defined P 0 '" 1 P " To dele ™"' Zheng 
cilfv anrf h 6 d ' ve '°P ed an a) S°™hm for creating kinemati- 
cally and dynamically desirable cutting trajectories for a laser 


"bending 


far side - 
curve 
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^ /V / lamination 

]Xm- ^nearside 
^ y curve 


farside- 
curve* 


b) 



Fig.jj Die lamination with an (a) compound bevel 


and (6) simple ptanar 
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i.e. the optimal P 2 for each P, , for curves consisting of polylines 
(typical output from an SLA part file). When P 2 is determined 
then the bevel cutting head only requires translation along the 
Y and 2-axes (jc-position is kept constant) and rotation about 
the two orthogonal axes. 

Constraining Lamination Cutter to Planar Beveling. 
There are many forming dies used in industry for such processes 
as stretch-forming and rubberforming that have only mild curva- 
. tures and low draws. For these types of die shapes, reasonable 
die shape fidelity, i.e. small deviations of the machined shape 
from the desired CAD shape, can be achieved even if the bevel 
cutting head is only allowed to rotate about the /-axis. This 
will allow for simple planar beveling, as shown in Fig. 5(b) , 
but not compound 3-D beveling like that shown in Fig. 5(a). 
In this case, v, = for position points P x and P l% and the 
orientation vector V = (V,, 0, V 3 ). 

Geometric Error Introduced by Straight Bevel Approxi- 
mation. For the two XZ-plane cross sections of a die lamina- 
tion shown in Fig. 6, it is evident that the straight bevel of the 
profiled edge will deviate from the desired die surtace. Dunng 
the grinding and polishing operations on the die surface, this 
deviation or shape error is increased for convex cross-sectional 
profiles, as shown in Fig. 6(a). because of material removal. 
For the same reason, i.e. material removal, the shape error is 
decreased for concave cross-sectional profiles as shown in Fig. 
6(b) Therefore, the extent of material removal during the 
smoothing operation directly affects the shape integrity of the 
forming die. 

4 Bevel Cutting Methods for Die Laminations 

After the cutting trajectories, i.e., array of (P t , V), for each 
profiled top edge are determined, then the die laminations are 
ready for processing. Either new die lamination blanks can be 
cut or existing laminations can be recut into a new shape. Ma- 
chining bevels into the die lamination edge can be accomplished 
by several methods. The fiute-edge of a standard endmill 
mounted in the spindle of a 4 or 5-axis (X, Y % and Z-translation, 
Y and Z-rotation) CNC milling center can be used to cut bevels 
into a suitably-fixtured die lamination. The weaving-type mo- 
tion of a ball endmill from a 3-axis (X, Y, Z translation) CNC 
machining center can also cut bevels. Both machining methods 
rely on the application of high machining forces to remove the 
unwanted material from the workpiece. To minimize the amount 
of material removed while cutting the bevel, a very narrow kerf 
can be cut into the die lamination using traveling wire-EDM, 
abrasive water-jet cutting, plasma-arc cutting, or laser cutting 
(both C0 2 and Nd:YAG). Each of these methods require CNC- 
controlled axes that move in X. Y, Z translation, and K, Z 
rotation. 

The important characteristics of any bevel cutting method are 
the maximum achievable bevel angle, maximum cutting speed. 



a - bevel angle. (0°.30° .60°) 
„ w V ( B max. cutting speed 
S^S^ R t a surface finish 


w « kerf width 

(Cut lha «Mlbl 


Hn 1 * burr height 

(But tm-t b> lowwi 


0 - taper angle 


Fig. 7 Quality characteristics of a bevel cut 


cut surface quality, cutting accuracy, amount of material re- 
moved, effect of material hardness on speed, tool wear, extent 
of metal burring, and machinery cost. Cutting bevels with a 
weaving ball endmill is an impractical cutting method primarily 
because of the short tool life, workpiece deflection, the detri- 
mental effect material hardness has on cutting speed, slow cut- 
ting speeds in general and extensive edge burring. Furthermore, 
the traveling wire EDM machine system yields a cut of excellent 
quality and accuracy but the extremely slow cutting speed is 
considered unacceptable for this application. 

The bevel cutting methods left are machining with the. flute- 
edge of an endmill, abrasive, water jet cutting, plasma-arc cut- 
ting, and laser cutting. Each of these methods were investigated 
in detail through a series of bevel cutting experiments to deter- 
mine how rapidly and accurately they will machine steel PEL 
laminations. Comparisons between various cutting methods dis- 
cussed in this section are based on cutting trials with 1.47 mm 
thick SAE 1010 cold-rolled steel laminations. According to 
Semiatin ( 1 988 ) , steel is arguably the most commonly die mate- 
rial used in industry. As seen in Fig. 7, the basis of evaluation 
for each beveling method will be the quality characteristics of 
the bevel cut that it makes. 

Machining with the Flute-Edge of an Endmill. As seen in 
Fig. 8(a), the profiled -edge of a die lamination can be machined 
using the flute-edge of an endmill in a 4-axis machining center 
for planar bevels (see Fig. 5{b)) or a 5-axis version for com- 
pound bevels (see Fig. 5(a)). Cutting bevels with this method 
requires a significant amount of material removal, i.e., the diam- 
eter D of the endmill, as shown in Fig. 8(fc). Based on the 
geometry of the endmill and the tilted lamination (see Fig. 
8(c)), the maximum edge bevel angle a that can be machined 
is 


a - cos 


(4) 


finished 
die shape 


unfinished 
die shape 



interface between 
die laminations 


finished 

unfinished die ^ 
die shapeV 


CAD 
shape 



interface between 
die laminations 


Fig. 6 Shape error due to smoothing (a) convex and (fa) concave die 
geometries 
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Die Lamination' 

a) Isometric view 




Die Lamination - 
b) Top view c) Side view 

Fig. 6 Machining a lamination bevel with the flute-edge of an endmill 
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Tab.. S Exp.rim.ntal raaulto for flute^dg. .ndmil1in B ol b.v.1. 


a. 

Ave. R, (um) 
Ave. Ho (mm) 
Max. V t (m/min) 

0° 
1.3 
0.3 
0.46 

30° 
4.6 
2.7 
0.46 

60° 
3.1 
8.6 

0.25 , 


where: 

Lf = length of (he cutting flute. 

™f°^ C ""i ng , experiments involvi ng fixed bevel angles of 0° 
30 and 6<T (also used for AWJ and laser cutting experiments)' 
cutting speeds (V f ) were varied between 0.102 and 0 305 ml 
mm, spindle speed (/V) between 1000 and 3000 RPM and 
coolant flow either on or off. A 6.4 mm diameter. 4-fluted in 

Milc£$M Cndmil1 ? 0UntCd thC SpindIe «>f » Cincinnati-' 
M.lacron 3-ax.s mach.nmg center was used to cut the lamina- 
tions. According to the experimental results (see Table "> for 
average values), beveling the 1.47 mm thick steel laminations 
w,«h an endmiirs flute-edge leaves a very good surface fiS 
at reasonable cumng speeds. However, slower cutting speeds 
and higher spindle speeds yield the best surface finish and the 

hS t\ maX 'T m V ' and N for machini "8 bevels is 

.ft 1 ? epcn S en 5 0n the ma "=rial's machinability. Coolant 
should be used when cutting metal to extend the life of the tool 
and to mimmize the Heat Affected Zone (HAZ) of the cut. The 
extent of bumng on the climb-milling side of the cut is extensive 
and .t gets longer as the bevel angle increases. Due to the high 
cutting forces from the large amount of material that is removed 
there .s also s.gnificant deflection of the lamination during ma- 
ch.n.ng wh.ch undoubtedly exacerbates any chattering problems 
and increases the machining inaccuracy. 

Abrasive Water Jet (AWJ) Cutting. As shown in Fig. 9 

iSTf I " 1 (AWJ> CU,tir,e iS 3 VCI * S° od noa-conW 
method for making narrow bevel cuts into die laminations. This 
method has been used in industry for cutting metal since 1982 
(T.khomirov. 1992). Because it is non-contact and low forces 
are .mposed on cutting area, there is negligible deflection of 
the lam.nat.on during cutting. An OMAX™ JetMachinine Sys- 
tem was used for the AWJ cutting experiments with V, and 
upstream water pressure P w varied between 0.10 and 0 26 m/ ' 
mm and 210 and 280 MPa. respectively. Aside from a decrease 

no „rnhr X,mUn ; Speed ' AWJ cuttin S seems «° have 

n oS? T Wth h ' gh bcVd angles - A «°rding to Tikhomirov 
(1992), the maximum cutting speed for this process is highly 
dependent on the yield strength of the material. However the 

and3 m ? y , mea ? U K d K f ° r L47 mm thick mild ^eel sheet 
and harder tool steel sheet were similar in magnitude. The sur- 



80 grit 

/abrasive 
panicles 


■*- lag 

fig. 9 Abrasive water jet cutting 
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Indmiii ! pf the bevel cut is slightly rougher than flute-edge 
ar?2n B ! rt TK mi, K Ch m w C ° nsis,ent when P rocess Pa«meu5s 
less m a „ 8 r J T - eft °" {ar edge of * e ^rf is much 
£ss than CNC-mach.n.ng w.tti an endmill. especially at high 
bevel angles. However, the kerf made with AWJ has a la £ 

taper angle may decrease when thicker laminations are cut and 
\tr„ .s tncreased. Average values of various quality character- 
TiSS™" 1 "Omental bevel alts are lisled in 

errorTn 5°"^ ^ fr °, m an abrasive wa,e 0« introduces 
error in the cut because of the drag line, taper angle of the 
kerf, and variable kerf width. Matsui ( 1 99 1 ) has successful 
compensated for these deterministic errors as shown in Fig ,0 
thereby mcreasmg the precision of the AWJ process. Compen- 

erf bv na?f eS f T" S?T * e «^Iine TuCe 

kerf by half of it s width (W2). rotating the cutting nozzle 
sgtly abom the direction of travel (,-axls) by halffhe 

«?o ,r k u ng CUttin 8 head backwards (about x- 

axis) to m.mmize the effect of the lag line. If these errors 

can be programmed into the cutting trajectory. 

Plasma-Arc Cutting. Using a plasma-arc is another non- 
contact cutting method that can be used to cut bevels into die 
lammanons. The system used for the bevel cutting experiment 
a W L a " y r hem r HD -'°70 HyDefinition Plasma^tThe 
attracts feature of plasma-arc cutting is the allowable cutting 

and al£ a v arc tyPICaHy 5 10 10 ,im " faster *» fining 8 
excess^ L e rf W , a ' er " Jet ? u" 8 " Unf ™™*«y the problems of 
excessive kerf taper and the tendency of kerf edge nearest to 
he cutting n0Z z,e t0 experience self-burning mak! pW^S 
cutting unsu.table for cutting lamination tevels. The key^ 

" theXT S SUCCeS u? 1 UMge in CU,tin g ^ wi « be to solve 
hiM 8 uT" 8 Pr ° b,em - minimize °r even eliminate (if possi- 
ble) the kerf taper, and to reduce the amount of edge dross 

Laser Cutting. Laser cutting, as illustrated in Fie 11(a) 

bec^ e o7 t h°^ Si "l n0n - COntact method f« ™chining beve s 
because of the rapid cutting speeds and steep bevel angles that 
can be achieved. The firs, issue to be resolved is whaTconfigu 

on ctLZ ^' b r earndel,ver y astern (hard-optics or fiber- 
opt.es) and type of cutting gas (N, for fusion cutting and O, 
for reactive gas cutt.ng) is best for cutting lamination bevels 
pan.cu.arly ,„ steel. Because literature on laser beve UuttTng fs' 
hrnited. a senes of experiments were performed to determine 
the max.mum bevel angle and cutting speeds for various^ser 
configurations. The best configuration for cutting steep beve 

la er with hard-opt.c beam delivery and O, cutting gas 

be^T uLTe" 8U u r nd°? S V T„° n,y Capable 0f - akin 

30 deg 8 " undlstoned ed 8«) »P «o a maximum angle of 

resDons e r f^ ( t0 K^ Pietr0 ( c '" 4) ' ^ ^ curable output 
u J 3 ! ker > width w, surface roughness of the kerf K 

7 I :i bU ^ °" the of the °cut he andlper 

is dcsirnM. nTs m .- F,SS ; 7 a " d " (b) - A narrow ^rf width 
edge inMcud of the wide cut characteristic of conventional ma- 
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Table 3 Experimental results tor AWJ bevel cutting of steel 


a 

0° : 

30° 

60° 

Ave. R. (urn) 

4.8 

5.1 

4.3 

Ave. w (mm) 

0.62 

0.63 

0.80 

Ave. Hn (mm) 

0.061 

0.100 

0.053 

effective thickness of 
material beine cut (mm) 

1.47 

1.70 

2.95 

Max. V e (m/min) 

0.34 

0.31 

0.20 

kerf taper 

10° 

11.5° 

9° 


chining methods (e.g. flute-edge endmilling). A low surface 
roughness of the cut surface is desirable since it will decrease 
the grinding and polishing time of the assembled PEL die form- 
ing surface. Minimal or no dross on the farside ot the kerf 
is desirable since any dross must be removed before the die 
laminations can be assembled into a complete die, thereby in- 
creasing the overall fabrication time. A negligible taper angle 
is desirable since little or no geometrical compensation will be 
required. 

The control factors that affect these output responses are the 
process lens focal length F which is proportional to the focused 
spot diameter d, pulse width r w , pulsing frequency/,,, cutting 
speed V c% type of assist gas (e.g. 0 2 , Air, N 2 ), and assist gas 
pressure P g . All of these control factors were easily vaned with 
the Laserdyne™ 5-axis model 780 CNC laser cutting system 
(Lumonics JK704 laser) used for a Taguchi-style experimental 
design. Since almost all Nd:YAG lasers used for cutting have 
a tuned resonator, the output power of the laser beam is held 
constant to minimize the beam divergence ( Chryssolouns, 
1 99 1 ) . Therefore, the average laser output power is consistently 
held close to 0.25 kW for these experiments. 

Optimal Parameters. For the smoothest surface finish, a 
low percent 0 2 , medium /„, and high t„ were shown to work 
best. For the narrowest kerf, a low percent 0 :? high/,, and low 
F are recommended. Depending upon what surface qualities of 
the bevel cut are most important, the levels of each laser cutting 
parameter can be set accordingly. The test bevel cuts with the 
best overall kerf quality for each bevel angle and the associated 
process parameters are listed in Table 4. 

By using optimized process parameters, lamination bevel cuts 
can have the same general surface finish R a as flute-edge endmil- 
ling and AWJ cutting. However, R a deteriorates significantly 
with an increase in the bevel angle. The edge-burring due to 
adherent dross is comparable to AWJ but much less than end- 
milling. The kerf width is the smallest of all three bevel cutting 
methods. Although bevels up to ±80 deg are possible, the range 
of parameters that yields acceptable cuts narrows with the in- 
crease in bevel . angle. Since there is a very small mechanical 
force associated with laser cutting, the fixturing required for 
lamination being cut is minimal. Furthermore, the HAZ of the 
laser cut is very small and most of the heat-affected material is 
blown away during the cutting process. 


Summary of Bevel Cutting Methods. As a final com- 
parison of the three candidate bevel cutting methods, the 
beveling performance measures (i.e. cutting force, maximum 
V c , maximum a. taper angle* kerf width, machining bun- 
height, and kerf surface finish) of each method, with process 
parameters set to their optimal levels, are listed in Table 5. 
The w. H D , and R„ measurements listed in the table are for 
a 30 deg bevel only. By considering the results of all the 
bevel cutting experiments, the following comparisons can be 
made: 

• Flute-edge endmilling involves the application of a high 
cutting force with a cutting tool to remove the unwanted 
lamination material. The higher cutting forces signifi- 
cantly deflect the cantilevered portion of a lamination 
being beveled. AWJ cutting and laser cutting, i.e. non- 
contact cutting methods, cause negligible deflection to the 
lamination. 

• All three cutting methods are capable of high cutting 
speeds but the maximum speed is highly dependent upon 
the material composition and hardness with flute-edge 
endmilling and AWJ cutting. The maximum V e for the 
laser is only dependent on laser power, i.e. proportional to 
flbw. which means that higher cutting rates are achievable. 

• The maximum bevel angle for all three methods is around 
i 80 deg. 

• The kerf from AWJ cutting has a very large, consistent 
taper of around 10 deg for all bevel angles that must be 
compensated for during bevel cutting. Laser cutting cre- 
ates only a slight kerf taper. Flute-edge endmilling leaves 
no appreciable kerf taper unless there is significant de- 
flection of the lamination and cutting tool during beveling. 

• The width of the kerf affects the smallest radius of curva- 
ture achievable for a lamination's profiled edge. Of the 
three beveling methods, laser cutting creates the narrowest 
kerf. The kerf from AWJ cutting is also narrow but not 
as much as that cut with a laser. The kerf width from 
endmilling is the diameter of the cutting tool. 

• Flute-edge endmilling leaves a very large machining burr, 
especially at larger bevel angles. AWJ cutting and laser 
cutting, on the other hand, yield much smaller machining 
burrs. Laser cutting with a pure oxygen assist gas yields 
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Table 4 Optimal control factor levels for en Nd:YAG laser cuttar 
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a porous, brittle edge burr (i.e. iron oxide) which is easily 
removed from the cut lamination without the need for 
grinding. 

• Flute-edge endmilling yields the smoothest surface finish 
of all the methods although the finish deteriorates' at 
higher bevel angles from more machining chatter. A simi- 
lar effect is noticed with laser cutting. AWJ cutting offers 
the most consistent surface finish for all bevel angles. 

Based on the preceding analysis and discussion, the authors 
rank the suitability (best to worst) of these three bevel cutting 
methods for cutting steel laminations as follows: 

Nd;YAG laser cutting because V c is only dependent on 
laser power, tool wear is nonexistent, cutting force is 
negligible and the 'kerf is the narrowest of all, 
Abrasive water jet cutting since V c is dependent on mate- 
rial hardness and the kerf taper is the largest among the 
three methods, and ■ 
Flute-edge endmilling since the cutting force, kerf width, 
edge burr, and V f 's dependency on material hardness is 
the greatest overall. 


I. 


3. 


5 Machinery for Fabricating PEL Dies 

As with CNC-machining a sheet metal forming die, the two 
most important specifications of equipment used to fabricate 
PEL dies- are to 1) get as close to near net shape as possible 
thereby minimizing the need for a post-grinding or finishing 
operation and 2) accomplish this task as fast as possible. The 
key to meeting these specifications are the correct choice of a 
bevel cutting method, as discussed in the previous section, and 
the efficient handling of die laminations during the cutting In 
this section, commercially-available machinery for cutting PEL 
die laminations will be described. 

For compound beveling of PEL die laminations, a 5-axis 
machining center (e.g. 3 translation^ & 2 rotational axes) is 
required to correctly position the cutting nozzle during the pro- 
filing process. There are numerous 5-axis conventional machin- 
ing centers, a few laser machining centers and at least two AWJ 


cutting centers currently available that can be used to machine 
compound bevels. Using either conventional, laser and AWJ 
machining centers, a die lamination blank is first secured verti- 
cally to the machine workbed and then the profiled-edge is 
machined. The die lamination can be handled manually or the 
machining center can be retrofitted with an automatic handiinc 
mechanism.. b 

Five-axis laser machining centers are much more expen- 
sive than comparable AWJ or CNC machines. For example, 
a Laserdyne Model 780 BeamDirector™ 5-Axis laser ma- 
chining center with a Lumonics JK704 laser currently sells 
for. around S625K. Other laser machining centers vary in 

crTnMr m^^M^ 70OK - In COntrasl < a Cincinnati-Mila- 
c on Sabre- 1000 CNC 3-axis vertical machining center retro- 
fi ted with a Tsudakoma TTNC-20I tilting rotarv table that 
has a similar work volume as the Laserdyne system sells for 
around S120K For S180K, a company can purcha e a e 
Edge* model 55-30 AWJ cutting system that's mounted to a 
5-axis, robot-controlled gantry table and has a similar work 
volume as the laser system. With any of these systems, the 
estimated cost of a custom-built lamination handling mecha- 
nism has not been added to their overall cost 

Both conventional CNC and laser machining centers are de- 
signed for general industrial use and not optimized for cutting 
die laminations in terms of speed, cost, and factory floor space 
required. Taking into account the high cost of commercially 
available equipment and the added cost of a custom-built lami- 
nation handling mechanism, a dedicated stand-alone machine 
for fabricating PEL dies is proposed by the author as cost- 
enective alternative to retrofitting currently-available 4 and 
5-axis cutting machines. 

6 General Procedure for Designing and Fabricatine 
PEL Dies 6 

As a summary of the preceding sections, the general proce- 

discussed gmng and fabricatin S a p EL forming die will be 

I. Considering the sheet metal part being formed and its 
expected production quantity, choose an appropriate die 


Table 5 Comparison table of bevel cutting methods using optimal parameter settings 
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material. Semiatin (1988) is an excellent reference for 
die material selection. 

2. Design a clamping frame that incorporates the binder 
configuration prescribed by the die designer and/or FEA 
simulations of the forming process. The frame must also 
allow the entire clamped die to be mounted to the forming 
press platen(s). 

3. Based on the geometry of the die's forming surface, 
specify the size and shape of the lamination blanks, and 
the size and locations of the clamping rods. 

4. Choose lamination thicknesses (preferably all the 
same), orientation, and interface positions that yield geo- 
metrical errors that are less than the maximum permissi- 
ble error. Lamination interface positions that take advan- 
tage of certain geometrical features of the die should be 
chosen. One example is a vertical wall which coincides 
with a lamination interface as shown in Fig. 12. 

5. Based on the estimated forming loads from an FEA 
simulation of the forming process, check the bending and 
buckling propensity of the die laminations. Modify the 
lamination thicknesses as needed. 

6. Depending on the accuracy of the die shape that's re- 
quired, the lamination thicknesses and material consider- 
ations, choose the optimal bevel cutting method for form- 
ing die being fabricated. Refer to Section 4 of this paper 
if the material is steel. 

7. Using a suitable CAD/CAM software package, inter- 
sect the CAD surface model of the die with a cutting 
plane positioned at the various interface positions. From 
this resulting database, create the NC machining files 
for each of the laminations. Many CAD/CAM software 
packages (e.g., ProENGINEER) can be enhanced to do 
this operation automatically. 

8. Machine the laminations at the maximum possible cut- 
ting speed V c . 

9. After each of the die lamination edges is machined, 
assemble the laminations in a suitable clamping frame. 

10. Grind and polish the die as needed. 


7 Fabricating a Matched-Set of Steel PEL Dies 

As a test case, a matched-set of PEL forming dies, as shown 
in Fig. 14(a), were fabricated using a CNC machining center. 
The die shapes were based on the CAD surface model of the 
same benchmark part used to fabricate the CNC-machined dies. 
Unprofiled die laminations were blanked from 1.47 mm thick 
SAE 1010 cold drawn steel sheet. Each lamination blank was 
a 10.2 cm. long by 7.2 cm. high rectangular shape with a 6.5 
mm diameter centrally-located hole. This hole allows a tension 
rod to run through the entire lamination array for clamping 
purposes. 

Design of the Laminations. The propensity for bending 
and buckling to occur during forming of a sheet metal part was 
checked. For example, the lamination located 2.8 cm in from 
the edge of the along the width direction forms half of the 
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Fig. 13 (a) A die lamination blank and (6) PEL clamping frame 


upper bend radius for one of the benchmark part side walls. A 
maximum forming load of 50 kN is predicted by an FEA analy- 
sis of the forming. Since the upper bend radii on the male die 
takes most of the total forming load, the estimated maximum 
normal force that this particular lamination experiences is 
around 6.0 kN. Additional data on the lamination is a = 1.9 
cm, b = 6.4 cm, t L = 1.47 mm, £ = 200 GPa, p = 0.2 (for 
greased steel on steel) and a = 30 deg. Therefore, the estimated 
bending and buckling loads are 2.0 and 5.8 kN, respectively. 
The dimensional ( not form) tolerances of this sheet metal part 
±0.1 mm. Since this lamination is backed by 35 adjacent lami- 
nations of similar size, the estimated bending deflection using 
Eq. ( 1 ) and 6 = F^^fk^ is only 0.04 mm. This is well 
below the dimensional tolerance. This simple deflection analysis 
doesn't even take into account the symmetrical loading on the 
male die which will tend to counteract the high forming load 
applied to this sample lamination. Finally, if we assume a worst 
case buckling scenario where the lamination is unsupported on 
it's top edge then the critical buckling load is 23 kN according 
to Eq. (2). Since this value is well above the maximum assumed 
buckling load of 5.8 kN, buckling will not be a problem. 

Creation of the Machining Instructions. Using an Auto- 
CAD model of a sheet metal pan with a mild draw, the machin- 
ing instructions for the PEL die lamination blanks were created. 
The die surfaces for these 10.2 cm wide by 10.2 cm long PEL 
dies were created by offsetting the CAD surface model (zero 
thickness) by half the material thickness in both normal direc- 
tions. A custom-written software program was used to extract 
the set of 2-D intersections which define the edges of the die 
laminations. (Note: Unlike tool path generation software for 
CNC machining of die surfaces, checks for tool gouging and 
fouling are not needed when bevel cutting PEL laminations.) 
The X-axis increment in this case is exactly 1.4719 mm (see 
Fig. 5(b)) which is the average thickness of the laminations 
used. The average thickness was found by accurately measuring 
the clamped width of 69 laminations and then dividing by 69. 
Each intersection curve is defined by a series of 400 coordinates 
taken at an increment along the K-axis of 0.254 mm (see Fig. 
5(b)), A total of 70 intersection files were used to machine the 
lamination array that comprises each PEL die. 

Machining and Assembling the Die Laminations. Both 
PEL dies required a total of 138 lamination blanks. The blanks 
were sheared off of a 7.2 cm wide by 1,47 mm thick strip of 
steel. After the tension rod holes were drilled, all of the lamina- 
tion, blanks were clamped into a large array after which the 
bottom edge and one side edge were both machined flat and 
perpendicular to each other. The lamination blanks were then 
ready for processing. Total time for this preparatory operation 
to be performed on all of the laminations was 40 minutes. 

Since the die shape did not require compound beveling, rotation 
of the cuning means was limited to K-axis rotation, i.e., simple 
planar beveling. Ideally, a 5-axis laser cutter or A WJ cutter would 
have been used to machine the profiled edges into the lamination 
blanks. Since none of these machines were readily available, the 
laminations were machined with an endmill mounted in a CNC 
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Fig. 14 [a) Matched set of PEL stamping dies and (b) sheet metal part stamped with these dies 


machining center. Special fixturing was required to minimize lami- 
nation deflection during machining. 

The die laminations as seen in Fig. 13(a) were finally 
mounted and clamped into a rigid frame to form the complete 
PEL die. As shown in Fig. I3(^), the frame consists of an L- 
shaped steel base, a lamination edge guide secured to the base, 
and a steel movable clamping wall which is rigidly bolted to 
the base after the laminations are clamped. The die surface was 
then ground and polished for the remaining stamping trials. The 
assembled dies, as shown in 14(n), can be mounted and used 
in any type of stamping press. A 0.64 mm thick sheet metal pan 
successfully stamped with these dies is shown in Fig. \4(b). 

8 Conclusions 

The PEL tooling method offers advantages over other lamina- 
tion-based methods for fabricating sheet metal forming dies. 
Individual PEL laminations in a clamped array have the propen- 
sity to bend or buckle under high forming loads but these effects 
can be predicted and then dealt with using design modifications. 
The machining instructions for the PEL's top edge are discussed 
for general 3-D die shapes (requiring complex bevels) and for 
simpler shapes (only requiring planar bevels). Cutting bevels 
into laminations is best done by laser cutting, AWJ cutting and 
flule-edge endmilling primarily because of speed and accuracy 
issues. The machinery for fabricating PEL dies is discussed and 
the design of a dedicated machine is suggested. Finally, the 
general procedure for designing a PEL die is applied to a 
matched set of sheet metal forming dies. These dies are used 
to successfully stamp sheet metal pans. 
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